water (Fig. 1 ) or treating it with alkaline, urea, or dimethyl sulfoxide through the cutting of hydrogen bonds between the starch molecules. It is thought that digestion of hydrogen bonds results in the unwinding of the double helices of parallel α-1,4 glucan chains in the crystal lamellae of amylopectin molecules. The reactions involved in the formation of gelatinized starch are not reversible (Fig. 1) . Retrogradation of starch is thought to be the incomplete winding of neighboring chains of gelatinized starch. Retrograded starch can be gelatinized again by heating, indicating that the reactions between starch retrogradation and gelatinization are reversible (Fig. 1) . Both gelatinization and retrogradation of starch play essential roles for food chemistry and industrial applications. Starches from plants with different genetic backgrounds have different physico-chemical properties and can be used for different purposes. Corn starches have widespread use for many applications because of their low cost and high performance. The advent of genetic engineering expanded the possibilities for production of tailor-made starches with specific properties that can be synthesized in the storage tissues of plants. People must use recyclable carbohydrate starches whose properties are Abstract Starches are the most important form of carbohydrates for most organisms on earth. However, the starch structure and biosynthesis mechanisms have not been completely resolved. At least four classes of enzymes catalyze the reactions of starch biosynthesis in plants: starch synthase (SS) elongates α-glucan chains of starch, ADP-glucose pyrophosphorylase (AGPase) supplies the substrate for SS, branching enzyme (BE) forms the α-1,6-glycosidic bonds of amylopectin, and debranching enzyme (DBE) trims improper branches generated by BE. Many isozymes of these enzymes encoding different genes exist in green plants. To understand the starch biosynthesis mechanisms, the author tried to isolate rice mutant lines and transgenic rice lines of the genes that account for starch biosynthetic enzymes. Through the biochemical and physiological analyses of these materials during the last 15 years, the function of the isozymes expressed in the endosperm of rice has been better understood. We built the model of amylopectin biosynthesis based on the function of each isozyme. The unique starches that accumulate in the endosperm of mutant lines are quite different from those of the wild type. In the near future, the author hopes that unique starches that accumulate in the mutant lines will be useful for industrial applications.
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Prologue
Starches are large biopolymers consisting of glucose molecules joined by glycosidic bonds. Starches are the most important form of carbohydrate for every organism on earth. Starches also represent a storage form of polysaccharides, because excess glucose produced by plants during photosynthesis can be stored in starch molecules. It is thought that the molecular structure of starch molecules evolved during plant evolution. The large pool of stored starch molecules in seeds, embryos, and tubers of plants provide for smooth growth of new generations. The research effort devoted to understanding the chemistry and biology of starches is considerably smaller than that focusing on DNA and protein, although starch is one of the most important biopolymers. Starch has traditionally been considered a stable and bored material. However, research during the last 15 years shows that the structural and physicochemical properties of starches can be regulated by genetic manipulation of genes involved in starch biosynthesis.
Starch shows specific traits named gelatinization and retrogradation. Starch is gelatinized by heating it with adaptable and efficient for the production of food and energy in the future.
Starch structure has not been resolved
Research on starch was delayed compared with that of other biopolymers due to the complexities of the starch structure. Starches are composed of multiple molecules with different molecular weights; nevertheless, the basic structure is simple and consists of glucose homopolymers joined through α-1,4-and α-1,6-glycosidic bonds. Starch consists of branched amylopectin and linear amylose (Fig. 2) . The molecular weight of the major component of starch, amylopectin, is thought to be 10 8-10 Da (Yoo and Jane 2002) , which is as large as DNA (the largest molecules on earth). Starch is water-insoluble (Fig. 1) . The Chinese characters for starch mean "the precipitated powder." The insolubility of starch is due to the semicrystallinity of amylopectin. Amylopectin has a tandem-cluster structure, and the cluster is composed of amorphous lamellae and crystalline lamellae (Fig. 2) . Amylopectin chains having branches and no branch are called B chains and A chains, respectively. The B chains within one cluster are called B 1 chains, by contrast, the B chains connecting 2 and 3 clusters are called B 2 and B 3 chains. The chains having a reduced end are called C chains (Peat et al. 1952) . Most branch points in amylopectin molecules are located in amorphous lamellae (Jane et al. 1997) , and a single cluster has a fixed length in a range of 9-10 nm (Jenkins et al. 1993) . The fact that the crystalline lamellae, which are double helices of parallel α-glucan chains (DP ≥ 10), exclude water is what causes the insolubility of starch. Amylose is much smaller (MW = 10 5-6 ) than amylopectin and is composed of mainly linear chains (Fig.   2) . The distribution and location of amylopectin and amylose in starch molecules remains unclear. It is thought that one starch granule contains both amylopectin and amylose and turns to purple stained with iodine (there are no blue starch granules containing only amylose and red starch granules containing only amylopectin stained with iodine in the endosperm cell at the same time). Many unanswered questions about starch structure make starch research a challenging field. Technical innovation including chromatography, solubility of starch molecules, observation of the inside of starch granules and so on are necessary to resolve the structure of starches. At the same time, we need to prepare various sorts of starch having a different structure with different genetic background and to know the effects of genes on the starch structure. I focus on the latter in this monograph.
Starch is produced by many kinds of enzymes (isozymes)
At least four enzymes classes catalyze the reactions of starch biosynthesis in plants: starch synthase (SS, EC2.4.1.21) elongates α-glucan chains of starch, ADPglucose pyrophosphorylase (AGPase, EC 2.7.7.27) supplies the substrate for SS, branching enzyme (BE, EC 2.4.1.18) forms the α-1,6-glycosidic bonds of amy- lopectin, and debranching enzyme (DBE) trims improper branches generated by BE (Smith et al. 1997; Myers et al. 2000; Nakamura 2002; Ball and Morell 2003) . Starch biosynthesis functions to expand glucose polymers. There is no doubt that SS, AGPase, and BE are involved in starch biosynthesis. However, the role of DBEs (isoamylase, ISA, EC 3.2.1.68, and pullulanase, PUL, EC3.2.1.41) in starch biosynthesis was only confirmed when the corresponding gene of maize and rice sugary-1 mutants, which accumulate glycogen-like α-glucan (phytoglycogen) instead of starch, were determined to be identical to the Isoamylase1 (ISA1) of maize and rice in the late 1990s. The other enzymes, phosphorylase (PHO, EC 2.4.1.1) and disproportionating enzyme (DE, 2.4.1.25) , are also thought to be involved in starch biosynthesis Colleoni et al. 1999) . Many isozymes of these enzymes encoding different genes exist in green plants. Most cyanobacteria, which are thought to be ancestors of chloroplasts in green plants, produce glycogen instead of starch, whereas a few cyanobacteria (Nakamura et al. 2005a) and red algae (Shimonaga et al. 2008 ) accumulate starch-like α-glucan. Green algae and higher plants accumulate starch. The structures of starches evolved during plant evolution, and these structures reflect the distinct roles of multiple isozymes. For example, SS in green plants can be divided into six types: SSI, SSII, SSIII, SSIV, SSV, and GBSSI (Hirose and Terao 2004) . Each SS often has multiple isozymes. Rice has one SSI, three SSII, two SSIII, two SSIV, one SSV, and two GBSS isozymes. Arabidopsis has only a single isozyme of each type of SS. Elucidation of the distinct roles and specificities of each isozyme in different plant species will expand the understanding of starch biosynthesis.
Advantage of using rice for starch biosynthesis
To understand the function of each isozyme involved in starch biosynthesis, we are performing in vivo analysis using rice mutants and transgenic lines. Rice (Oryza sativa L.) is a monocot and important crop species, whereas Arabidopsis is a dicot and important as a research model plant. The entire DNA sequence of the rice cultivar "Nipponbare" was determined in 2005 (International Rice Genome Sequencing Project 2005). It is easy to isolate mutant lines in rice compared with the isolation of mutants in polyploid crops, such as wheat or potato, which have duplicated genes on homoeologous chromosomes. The methods for producing transgenic rice have been established for more than 20 years. There are two further advantages for starch scientists to use rice. The first is the extremely high concentration of starch in the rice endosperm compared with other crops. This is a great advantage for the purification of starch and starch biosynthetic enzymes.
The second is that the parent cultivars of our mutant lines are japonica cultivars (Nipponbare, Taichung 65, and Kinmaze), which have an inactive SSIIa isozyme due to two point mutations in the SSIIa gene. By contrast, indica rice cultivars have an active SSIIa (Nakamura et al. 2005b) . The phenotype of the SSIdeficient mutant does not appear unless the ss2a mutant is used as a parent mutant, because the functions in chain elongation by SSI and SSIIa are partially overlapping, as subsequently discussed (Fujita et al. 2006) .
Most japonica rice cultivars are also GBSSI-leaky mutants whereas indica cultivars are the wild-type (Sano 1984) . A point mutation in the boundary between exon 1 and intron 1 in the GBSSI gene leads to incomplete mRNA. This long mRNA reduces the normal amount of GBSSI in most japonica cultivars (Cai et al. 1998; Isshiki et al. 1998) . GBSSI is involved in the synthesis of amylose in the endosperm. The average amylose content of japonica cultivars is lower (ca. 20%) than that of indica cultivars (ca. 25%). The differences of amylose content affect the physicochemical properties of starch; cooked rice of japonica cultivars is sticky, which is the Japanese preference.
Research of starch in other plants
Biochemical research on starch biosynthesis by measuring enzyme activities and determining the substrate specificities of the partially purified enzymes started in the 1960s. This research was accelerated with the development of column chromatography for enzyme purification in the 1990s. After 2000, many investigations using mutant and transgenic lines and genome information were performed. The main research groups investigating starch biosynthesis are the following: the groups of J. Preiss, A. Myers, and P. Keeling researching maize in USA; the groups of M. Emes and I. Tetlow researching maize in Canada; R. Visser's group in the Netherlands researching potato; A. Smith's group researching pea and potato in the UK; M. Morell's group researching wheat and barley in Australia; R. Chibbar's group researching wheat in Canada; J. Kossmann's group researching wheat in Germany; K. Denyer' group in the UK researching barley; research on Arabidopsis by S. Zeeman's group in Switzerland and C. D'Hulst's group in France; and S. Ball's group in France researching algae. Research on starch biosynthesis in rice is performed by H. Satoh's group and our group (Y. Nakamura and N. Fujita's group) using rice mutant lines. P. Wu's group and Q. Liu's group in China and J-S Jeon's group in Korea also study starch biosynthesis using rice.
A comparison of the reports on starch sciences by these researchers suggested that these plant species have common enzyme sets involved in starch biosynthesis, and the functions of these enzymes also appeared to be common. However, the distinct starch structures and physico-chemical properties in different plant species indicate that the presence and relative activities of isozymes greatly differ among plant species and tissues ( Fig. 3 ; . Rice has a large number of mutant lines, as many as maize and Arabidopsis, which were utilized to resolve the function of the corresponding isozymes. Starch research in rice and maize led to the studies on biosynthesis of the storage starches, which are utilized in industrial applications. The starch of Arabidopsis, which is the transient starch in the leaf, is not to be used for industrial applications. The studies of starch biosynthetic isozymes in mutant and transgenic rice mainly performed by our group will be introduced in the following section.
The function of isozymes related to the starch biosynthesis using rice mutant lines
Many starch mutant lines were isolated by Prof. Satoh in Kyushu University, Japan. Fertilized embryos of rice flowers were treated with the chemical mutagen Nmethyl-N-nitrosourea (MNU) (Satoh and Omura 1979) . The biochemical traits and starch properties of specific seed morphology lines were analyzed, and the corresponding genes were identified. This strategy is called "forward genetics". A "reverse genetics" strategy can also be used for mutant analysis. In this strategy, a single nucleotide polymorphism (SNP) of specific genes from the mutagenized rice population can be detected by the TILLING (targeting induced local lesions in genomes) method (Colbert et al. 2001) ; subsequently, the phenotypes are determined by the mutations.
Retrotransposon Tos17 rice mutant stocks of greater than 40,000 populations have been prepared by Dr.
Hirochika's group at NIAS in Japan (Hirochika 2001) . The japonica rice cultivar Nipponbare has two copies of Tos17 in the genome, and these duplicate and transport to the other position on the chromosome during culture as plant callus. The gene that Tos17 inserts into is not able to be expressed and results in a mutant. To isolate a specific mutant of the gene A, PCR is performed using primer pairs between specific regions of gene A and Tos17. If the sequences of gene A and Tos17 are detected from the amplified PCR fragment, Tos17 must be inserted into gene A. Our mutant lines for starch biosynthesis were isolated from these mutants and analyzed by reverse genetics. By 2000, only three mutant lines, including waxy (gbss1), sugary-1 (isa1), and amylose-extender (be2b), had been isolated by Prof. Satoh's group. Therefore, our group isolated additional mutant lines, especially for SS isozymes, which are the largest family of the starch biosynthetic enzymes. Single-mutant rice lines of SS, BE, and DBE isozymes account for starch biosynthesis, whereas PHO must be important for initiation of starch biosynthesis in the early stage of developing endosperm have been isolated. These are described in the following sections.
6-1. ss1 mutant
SSI activity accounts for 60-70% of SS activity in the soluble fraction of developing endosperm in rice (Baba et al. 1993) and maize (Cao et al. 2000) . As of 1999, SSI-deficient mutants were not isolated in any plant species. The reduction of potato SSI in antisense plants did not lead to any detectable changes in starch structure in the tuber. In potato, SSI is predominantly expressed in leaves and only to a lower extent in the Relative activities of SS isozymes as expressed by percentages of total SS activities in Arabidopsis leaves, pea embryo, potato tuber, rice endosperm and maize endosperm. Each SS isoform activity in Arabidopsis (Zhang et al. 2005; Szydlowski et al. 2011 ) and japonica rice (Fujita et al. 2006) was estimated by native-PAGE/SS activity staining. That in pea (Craig et al. 1998) , potato (Marshall et al. 1996) and maize (Cao et al. 1999 ) was estimated by immunoprecipitation method tuber, in which SSII and SSIII are the major isozymes (Kossmann et al. 1999) . Attempts were made to isolate rice ss1 mutant lines from transposon Tos17 populations using PCR screening. Four mutant lines carrying Tos17 insertions in different positions of the SSI gene were isolated (Fujita et al. 2006) . A strong SS activity band was detected in the middle of the gel on native-PAGE that was stained for SS activity in wild-type samples. However, this band was not detected in one ss1 line, e7, in which Tos17 is inserted in exon 7 of the SSI gene. This indicated that the middle migration band was SSI, and the e7 line had no SSI activity band in the developing endosperm. The other lines, i2-1, i2-2, and i4, in which Tos17 was inserted in intron 2(-1), intron 2(-2), and intron 4 of the SSI gene, had 1/6, 1/5, and 1/4 of the SSI activity of wildtype endosperm, respectively. Tos17 inserted into an intron is usually spliced. However, the expression of normal mRNA is thought to be partially inhibited and results in a reduction of activity (leaky mutant). Although the chain-length distribution of the endosperm amylopectin in the ss1 mutant lines showed specific patterns, the extent of the changes compared to those in wild-type were smaller than those of the sugary-1 (ISA1-deficient) mutant lines and the amylose-extender (BEIIb-deficient) mutant lines. The degree of change in the pattern, a decrease in chains with a degree of polymerization (DP) 8-12 and an increase in chains with DP 6-7 and 16-19, was positively correlated with the extent of the decrease in SSI activity in the mutant lines (Fig. 4) . These results strongly suggest that this pattern is caused by a deficiency of SSI activity (Fujita et al. 2006) . The interpretations of this pattern of amylopectin chain-length distribution were as follows. As shown in Fig. 4 , the amount of DP 6-7 chains that were branched by BEIIb increased, because they were not elongated to DP 8-12 due to a lack of SSI. In other words, DP 8-12 chains decreased because the DP 6-7 chain precursors were not elongated and most of the available DP 8-12 chains were converted into longer chains by other SS isozymes. By contrast, the increase in DP 16-19 chains was primarily attributed to the increase in B 1 chains. Chains with DP 16-19 were predicted to have an exterior portion composed of DP 7. This was in agreement with the observed length of the A chains (DP 6-7), which increased in the mutant amylopectin. These results indicated that SSI distinctly generated DP 8-12 chains from short DP 6-7 chains that emerged from the branch point in the A or B 1 chains of amylopectin. These interpretations were supported by in vitro analysis of purified rice SSI expressed in E. coli .
No ss1 mutant has been isolated in plant species other than rice and Arabidopsis. Rice ss1 mutant lines isolated by our group were the first ss1 mutant lines that accumulate starch in storage tissues in higher plants. Surprisingly, the seed weight and accumulation of starch in the endosperm of the ss1 null mutant line were similar to those of the wild-type, even though the SSI activity, which accounted for more than 60% of the SS activity in the crude extract of rice developing endosperm, was completely missing in this mutant. The seed morphology, crystallinity, and morphology of the starch granules in the lines were not significantly different from those of the wild-type. It was believed that an SSI-deficient maize mutant would be sterile; thus, an ss1 mutant could not be identified (Commuri and Keeling 2001) . These results indicated that the other SS isozymes must have complemented the function of SSI-deficiency in the rice endosperm.
6-2. ss2a mutant
Rice cultivars are divided into japonica and indica cultivar groups. The starch chain-length distribution pattern in japonica cultivars (Nipponbare and Kinmaze) is different from that of indica cultivars (Kasalath and In the wild-type, A and B 1 chains grow through the addition of 2-6 glucose residues (black circles) by SSI. Black and gray circles in A and B 1 chains are elongated by other SS isozymes when SSI is deficient. The double circle marks the point in the B 1 chain where a branch (A chain) emerges. The A chains and the exterior parts of B chains (from non-reduced end to branch point), both ranging from DP 12 to DP 16 in length (Hizukuri 1986) , compose the crystalline domain of amylopectin clusters. The length of one cluster of amylopectin corresponds to DP 27-28 (Hizukuri 1986 ). In waxy maize, Bertoft (1991 Bertoft ( , 2004 ) estimated the total internal chain length of amylopectin to be DP 12.4. If this value holds true for rice amylopectin, the length of the B 1 chain would be the combined length of the exterior part plus DP 11. The partially broken arrows labeled "elongation by other SS isozymes" indicate compensatory function of other SS isozymes when SSI is deficient (Fujita et al. 2006) . IR36) (Umemoto et al. 1999 (Umemoto et al. , 2002 . The short chains with DP 6-12 in the former are increased in the latter, and middle chains with DP 13-24 are decreased in the former compared with those in the latter. Analysis of the chain-length distribution of BILs (backcross inbred lines) between Nipponbare and Kasalath showed, that the gene regulating the chain-length distribution in indica and japonica rice, is located on the short arm of chromosome 6. This location is identical to the alk (starch disintegration by alkaline) locus and SSIIa gene (Kudo 1968; Umemoto et al. 2002) . These results strongly suggest that the differences in chain-length distribution between japonica and indica cultivars are regulated by the SSIIa gene (Umemoto et al. 2002) . The chain-length distribution analyses of endosperm starch in the global japonica and indica cultivars showed that chains with DP 6-12 and DP 13-24 in most japonica cultivars are increased and decreased (S-type amylopectin), respectively, compared with those in most indica rice cultivars (L-type amylopectin) . These changes in the amylopectin fine structure affect the physico-chemical properties; the gelatinization temperature of starch with enriched short chains in japonica cultivars is lower than that in indica cultivars . Two of four SNP of SSIIa gene between indica cultivars (Kasalath and IR36) and japonica cultivars (Nipponbare) are important for SSIIa activity. The activity of recombinant SSIIa of Nipponbare is less than 10% of that of wild-type SSIIa from indica cultivars (Nakamura et al. 2005b) . Transgenic japonica rice (Kinmaze) expressing an introduced indica SSIIa gene change from japonica-type amylopectin (Samylopectin) to L-amylopectin with alkaline-resistant starch (Nakamura et al. 2005b ). SSIIa does not affect the amount of long chains with DP м 25, indicating that SSIIa regulates the structure within one cluster of amylopectin and these changes affect the physicochemical properties, such as gelatinization temperature and gelatinization-resistance to alkaline or 4 M urea. The function of SSIIa is common among maize (Zhang et al. 2004) , wheat (Yamamori et al. 2000) , barley , potato (Edwards et al. 1999) , and pea (Craig et al. 1998 ).
6-3. ss3a mutant
SSIIIa accounted for the second major SS activity in the soluble fraction of developing rice and maize endosperm, followed by SSI (Fujita et al. 2006) . Maize dull-1 (du1) mutants were known as high-amylose mutants (Mangelsdorf 1947; Davis et al. 1955) . It was reported that the du1 gene was identical to the SSIII gene in maize using the gene tagging method (Gao et al. 1998) . There was no ss3 mutant in rice at that time; the ss3a rice mutant in which Tos17 is inserted into exon 1 of the SSIIIa gene was isolated (Fujita et al. 2007) . The seeds of the ss3a mutant lines had a chalky interior appearance and their hulled grain weight was similar to that of wild-type plants. The amylose content of the mutant lines was 1.3-1.5 times higher than that of the wild type. By contrast, the long chains connecting amylopectin clusters were only 60% of those of the wild type, indicating that the function of SSIIIa was the elongation of long chains connecting amylopectin clusters (Fig. 6 , Fujita et al. 2007; Hanashiro et al. 2011) . The deficiency of SSIIIa induced the expression of SSI and GBSSI genes. The AGPase activity increased in ss3a mutant compared with that in wild-type endosperm. A high-amylose content in this mutant line must be caused by the enhancement of GBSSI and AGPase activities (Fujita et al. 2007) .
The function of SSIII(a) in the elongation of long B 2-3 chains of amylopectin is common among maize (Cao et al. 1999) , barley (Bertoft et al. 2011) , potato (Edwards et al. 1999) , and Chlamydomonas (Maddelein et al. 1994 ).
6-4. gbss1 mutants
The gbss1 mutant lines were the most well-known in many plant species; maize (Tsai 1974) , rice (Sano 1984), wheat (Nakamura et al. 1995; Fujita et al. 2001) , barley (Eriksson 1962 ) waxy mutants, potato (Hovenkamp-Hermelink et al. 1987 ) amf (amylose free) mutant, and pea lam (low amylose) mutant. The trait of these mutants was that there was no amylose in storage starch, which was 100% amylopectin. This indicated that GBSSI was closely involved in the synthesis of amylose and extra-long chains of amylopectin, which are eluted in the similar retention time to the amylose chains by gel-filtration of debranched amylopectin (Takeda et al. 1987) . The rice gbss1 mutant lines were used for traditional rice cake foods, rice snacks, and sticky rice. The hardness of rice cake after incubation under low temperature depended on the cultivar background and affected the utilities of rice cakes; the low-hardness gbss1 mutant was used for sticky rice, whereas the high-hardness gbss1 mutant was used for rice snacks and rice cake. Unfortunately, the gene(s) regulating rice cake hardness are not isolated.
6-5. Other SS mutants
The SSI, SSIIa, SSIIIa, and GBSSI genes are highly expressed in developing endosperm. The functions of these genes have been resolved by analyses of the mutant lines. The mutants of the other SS isozymes have not been isolated and the functions are unknown. The mutants of SSIIIb and SSIVb genes have been isolated from the populations of Tos17 mutant lines (Fujita et al. unpublished) . SSIIIb and SSIVb genes are expressed primarily in leaves; a slight expression of SSIVb occurs in the early stage of developing endosperm (Hirose and Terao 2004) . The seed phenotype, starch size, and structure of endosperm starch in both mutants is very similar to that of the wild type (Fujita et al. unpublished data) . The ss4b/ss3a double mutant is quite different than either of the parent mutants and the wild-type plant.
6-6. be1 mutants
Rice be1 mutant lines have been isolated as lines that are deficient in the 83 kDa band on SDS-PAGE of endosperm samples from rice mutant stocks that were induced by the treatment of fertilized egg cells with MNU . The BEI activity band in rice developing endosperm showed a strong and broad band on native-PAGE followed by BE-activity staining. There were no significant differences in seed phenotype and size between the BEI-deficient mutant and the wild type. The mutant amylopectin was characterized by a slight decrease in chains with DP ≥ 37 and short chains with DP 12-21, and an increase in short chains with DP ≤ 10 and DP 24-34. These results suggested that BEI specifically branches long chains .
6-7. be2a mutant
The chain-length distribution pattern of the rice be2a mutant is very similar to that of the wild type (Nakamura 2002) . This is caused by the low expression of the BEIIa gene in the endosperm, although the BEIIa activity bands are detected in a position of faster migration than the BEIIb activity bands in a of very early stage of developing endosperm on native-PAGE followed by BE-activity staining (Nishi et al. 2001) . It might be possible that BEIIa is involved in the initiation of starch biosynthesis.
6-8. be2b mutants
Cereals such as maize, rice, wheat, and barley have two BEII isozymes (BEIIa and BEIIb). BEIIb of rice (Nishi et al. 2001 ) and maize (Baba and Arai 1984) , and BEIIa of wheat (Regina et al. 2006 ) and barley (Regina et al. 2010) are involved in the branching of the short chains in amylopectin. A BEIIb-deficient mutant of maize and rice is well-known as the amylose-extender (ae) mutant lines. The name amylose-extender is derived from the blue-staining with iodine. It was thought that the high-amylose starch accumulated in the endosperm. However, analyses of the wx/ae double mutant showed that the increasing blue staining with iodine was due primarily to the enrichment of the long chains of amylopectin with DP м 14 in the ae mutant (Nishi et al. 2001 ). These results suggested that the function of BEIIb was branching short chains in the crystalline lamellae of amylopectin. The shortage of the amylopectin short chains in the be2b mutant resulted in high-resistance to gelatinization (Nishi et al. 2001) . The gelatinization onset temperature of the mutant starch is 12°C higher than that of the wild type (Tanaka et al. 2004) .
The amylose content of the be2b rice mutant is 1.5-times higher than that of the wild type (Abe et al. in preparation) . By contrast, the amylose content in the maize ae mutant starch is significantly increased (50-70%, Wang et al. 1993a, b) compared with that in wildtype maize (25%). The different amylose contents in rice and maize ae mutant lines might be caused by the fact that japonica rice cultivars have inactive SSIIa and low GBSSI content.
6-9. isa1 mutants
Isoamylase1 (ISA1)-deficient mutants (isa1) were called sugary-1 mutants in rice (sug-1) and maize (su1). Many allelic isa1 mutant lines were isolated and the α-glucans in the endosperm were characterized (Nakamura et al. 1997; Kubo et al. 1999) . The crosssections of the isa1 seeds were not stained with iodine in the whole seeds (severe type of sug-1) or part of the seeds (mild type of sug-1). The wild-type seeds showed doi:10.5047/agbm.2014.00401.0001 © 2014 TERRAPUB, Tokyo. All rights reserved. a purple color after staining with iodine. The part that was not stained with iodine is located in the center of the seeds in the mild-type of sug-1 (Nakamura et al. 1997) . The α-glucans in the part not stained with iodine in the endosperm were enriched with short-chain, highly branched starches that were water-soluble (phytoglycogen). Phytoglycogen had no crystallinity and showed no endothermal peak by differential scanning calorimetry (DSC), unlike that of amylopectin. The molecular weight of phytoglycogen (10 7 ) was lower than that of the wild-type amylopectin (10 8-9 , Wong et al. 2003) . The α-glucans in the part stained with iodine in the endosperm of sug-1 were insoluble and similar to the amylopectin in the wild type, whereas the short chains with DP ≤ 12 were increased compared with the wild-type amylopectin Wong et al. 2003) .
Numerous reports of isa1 mutant lines suggested that ISA1 activity was essential for amylopectin crystallinity and the tandem cluster structure of amylopectin. This indicated that ISA1 was involved in the maintenance of the cluster structure of the amylopectin. The function of ISA1 was the trimming of improper branches produced by BEs in amylopectin molecules (see Fig. 7 ; Nakamura 2002).
6-10. pul mutants
Debranching enzymes (DBEs) were divided into two classes: the isoamylase (ISA) type debranched amylopectin and glycogen; the pullulanase (PUL) type debranched amylopectin and pullulan (Nakamura 1998 ). The sugary-1 mutant lines in rice and maize were thought to be PUL-deficient mutants before 1995, because the PUL and ISA activities were reduced in the mutants (Nakamura et al. 1996a; Pan and Nelson 1984) . James et al. (1995) isolated a su-1 maize mutant using gene tagging and showed that the corresponding gene was similar to the isoamylase-type of DBE from Pseudomonas. The fact that sug-1 alleles and ISA1 genes were located on chromosome 8 in the rice genome (Yano et al. 1984; Fujita et al. 1999) , whereas the PUL gene was located on chromosome 4 (Nakamura et al. 1996b) , suggested that rice sug-1 is not a PUL-deficient mutant but a ISA1-deficient mutant (isa1) (Nakamura et al. 1997; Fujita et al. 1999) . We tried to isolate a PUL-deficient mutant, which had not been isolated at that time, from Tos17 mutant stock (Fujita et al. 2009 ). The seed size and morphology of the pul null mutant line (complete lack of PUL) did not change, and the chain-length distribution of amylopectin was similar to that of the wild type, except for a slight increase of short chains. The area of cross section of the seeds stained with iodine was closely related with the PUL activity in the isa1 allelic mutant (Nakamura et al. 1997) . This suggests that when ISA1 was deficient, PUL complementation led to the prevention of phytoglycogen accumulation in the endosperm . To clarify this speculation, double-mutant lines between mild-type isa1, which accumulated phytoglycogen in the endosperm and starch-like α-glucans (sugary amylopectin), and a null pul mutant were generated (Fujita et al. 2009) . If the speculation was correct, the phenotype of mild-type isa1 would transform to the severe-type isa1, which contained phytoglycogen in the whole endosperm cells. The actual results did not show such a phenotype, al- though the phytoglycogen content was slightly increased in the double-mutant lines (Fig. 8) . These results suggested that the compensation of PUL was limited even under a deficiency of ISA1, and the contribution of PUL for trimming of amylopectin was much smaller than that of ISA1 (Fujita et al. 2009 ).
6-11. ISA2-deficient mutant
There are three ISA genes (ISA1, ISA2, and ISA3) in green plants. ISA2 has no activity in itself. The heterooligomers ISA1 and ISA2 display debranching activity in potato tubers and Arabidopsis (Hussain et al. 2003; Delatte et al. 2005; Wattebled et al. 2005) . In rice and maize endosperm, homo-oligomers of ISA1 and the hetero-oligomers are present. The former is more important for the trimming of improper branches than the latter (Utsumi and Nakamura 2006; Kubo et al. 2010; Utsumi et al. 2011) . The starches are not affected with ISA2 inhibition in the transgenic rice, whereas soluble polysaccharide in ISA2 overexpression of transgenic rice was significantly increased (Utsumi et al. 2011) . This indicates that the increase of ISA2 leads to the increase of nonfunctional hetero-oligomers of ISA1-ISA2 and the decrease of the functional homo-oligomers of ISA1. Only heterooligomers are present in rice leaves. The function of ISA2 is still unclear, but it might maintain debranching under severe environmental conditions, such as high temperature (Utsumi et al. 2011 ).
6-12. isa3 mutant
The isa3 mutants have been isolated from Tos17 mutant stocks by Dr. Kawagoe's group (Yun et al. 2011) . ISA3 is expressed mainly in rice leaves and to a lesser extent in endosperm (Kubo et al. 2005) . The phenotype of isa3 endosperm starch is similar to that of the wild type, although the starch content in the bran was increased. By contrast, starch degradation in this mutant was inhibited in the dark in leaves. The morphologies of amyloplasts in the isa3 mutants and the transgenic lines overexpressing ISA3 were abnormal. The fact that the isa1 (sug-1) phenotype was not compensated by the introduction of ISA3 gene indicates that the functions in ISA1 and ISA3 are different (Yun et al. 2011 ).
6-13. pho1 mutants
Phosphorylase (Pho) adds a glucose residue to the non-reduced end of glucose primed with glucose-1-phosphate and releases Pi. This enzyme also catalyzes the reverse reaction. Approximately 96% of rice Pho was the plastid-type Pho1, and the remaining was the cytosol-type Pho2. The seed phenotypes of pho1 mutant lines screened from the MNU-treated population showed a wide range of variability, from pseudonormal seeds to thin seeds containing few starch molecules (Fig. 9 , Satoh et al. 2008) . It appeared that these seed phenotypes were affected by the temperature during endosperm development. These results suggested that Pho1 was involved in the early stage of starch biosynthesis. It was assumed that the other factor(s) were related to the initiation of starch biosynthesis under high temperature condition during endosperm development .
The model of amylopectin biosynthesis
The model of amylopectin biosynthesis was established by the in vitro analyses of recombinant isozymes expressed in E. coli and the in vivo analyses using mutant lines described above (Fig. 7) . The prototype of this model (Nakamura 2002 ) was modified with additional new information regarding the function of the isozymes.
The main SS isozymes that accounted for amylopectin biosynthesis in rice endosperm were SSI, SSIIa, and SSIIIa. SSIIIa elongated long chains and connected multiple clusters of amylopectin. The DP 6 and DP 7 chains produced by BEIIb (Nakamura et al. 2010) were elongated to form the DP 8 and DP 9 chains, predominantly by SSI in japonica rice amylopectin. In indica rice amylopectin, these chains were further elongated by SSIIa. BEI and BEIIb mainly formed branch points in the amorphous lamellae (black circles) and the crystal lamellae (white circles), respectively. ISA1 homooligomers remove improper branches produced by the BEs in the crystal lamellae. Thus, the sequential and close interactions among BE and SS isozymes play an important role in the efficient production of amylopectin molecules in cereal endosperms. The relay reactions of functionally specialized SS and BE isoforms would be an efficient way to multiply the same-sized clusters to form amylopectin molecules. This model will be improved by further studies in the future.
The significance of the production of multiple mutant lines
Many studies of starch double mutants in maize were conducted in the 1980s-1990s (Shannon and Garwood 1984; Inouchi et al. 1991; Wang et al. 1993a, b) . However, at that time, the genes responsible for the majority of the starch mutant phenotypes had not been identified. Currently, many of the mutant genes have been identified, and this knowledge can be used to understand the relationships between starch characteristics and starch biosynthesis genes. Recent work reported the possibility of a protein complex of starch biosynthesis isozymes in maize and wheat (Tetlow et al. 2004; Hennen-Bierwagen et al. 2009 ). It will be necessary to demonstrate this possibility in rice, and the doublemutant lines will provide a good resource for this research. A number of single rice mutants show phenotypes that are similar to the wild type due to the complementation by other isozymes. This complementation makes it difficult to characterize the function of these isozymes. To elucidate individual isozyme function, the overlapping activity of many other isozymes needs to be eliminated through the production of multiple mutant lines. The japonica rice background has traditionally been used to produce the mutant lines (i.e., SSIIa-and GBSSI-reduced leaky mutants). When double, triple, or quadruple mutants are produced in japonica rice, sterility or low yield are a concern. However, some of our multiple mutant lines produce 80-90% of the seed weight of the wild type, and large-scale cultivation of these mutants is possible. Leaky mutant lines have been useful for avoiding the sterility that could result when the major isozymedeficient mutants were crossed. Some multiple mutant lines show unique starch properties that are not solely the additive effects of the parent mutants. The recent work on the multiple rice mutant lines will be described below. 
8-1. ss1/ss3a double-mutant lines
The seed weight and accumulation of starch in the endosperm of the ss1 null mutant line was similar to the wild type, even though the SSI activity, which accounted for more than 60% of the SS activity in the crude extract of rice developing endosperm, was lacking (Fujita et al. 2006) . This implied that chain elongation was compensated by the other SS isozymes. In addition to the deficiency of SSI, SSIIIa, which is the second major SS isozyme, was also deleted ). In the F 2 developing seeds of crosses between null ss1 and null ss3a, the developing seeds that lost both SSI and SSIIIa activity were not detected, indicating that double-recessive developing seeds became sterile. Opaque seeds, whose phenotype is different from the parent, were present in the F 2 population, and these genotypes were heterozygotes of SSI or SSIIIa (Fig. 10) . A double-recessive homozygous mutant line was successfully obtained by crossing a ss1-leaky mutant (ss1 L ) and a ss3a mutant . The amylopectin short chains with DP ≤ 10 and amylose content of ss1 L /ss3a double-mutant line were decreased and increased (33%), respectively, compared to the wild type. These results suggested that the deficiency of either SSI or SSIIIa resulted in complementation, and either SSI or SSIIIa was necessary to allow starch biosynthesis in rice endosperm. No other SS isozymes could provide this complementation.
8-2. ss3a/ss4b double-mutant lines
The seed phenotype, size, and structure of endosperm starch of the ss4b mutant were very similar to those of the wild type (Toyosawa et al. submitted) . The function of SSIVb was still unknown. The seed morphology of ss3a/ss4b double-mutant lines was opaque, a phenotype that was different from that of the parents. The starch granules of ss3a/ss4b lines were completely spherical (Fig. 11) , although those of the wild type were polygonal. Rice endosperm starches were compound grains, in which several starch granules accumulated in one amyloplast. The endosperm starches of maize, wheat, and barley were simple grains, in which one starch granule accumulated in one amyloplast (Matsushima et al. 2010 (Matsushima et al. , 2013 . At the beginning, we thought that the spherical starch granules of rice ss3a/ ss4b double mutant were changed to the simple grain from compound grains. However, observation of transgenic rice expressing fluorescent-protein markers in the double-mutant lines showed that these mutants contained compound grains. The analyses of the starches of the double-mutant lines suggested that the function of SSIVb was overlapping with that of SSIIIa, which was chain elongation of the long chains connecting multiple clusters of amylopectin. It was assumed that SSIVb was involved in generating the structure of the septum-like sheets (Yun and Kawagoe 2010) between starch granules in the compound grains (Toyosawa et al. submitted).
8-3. ss3a/be2b double mutant
High-amylose starch is useful for producing food materials and biodegradable plastics. The amylose content of the maize be2b mutant is 50-70%. This is much higher than that of the rice be2b mutant line (30%), which is 1.5 times higher than the wild type. The highest amylose content in rice lines, including our mutant lines (ss3a: Fujita et al. 2007, ss1 L /ss3a: Fujita et al. 2011, ss3a/ss4b: Toyosawa et al. submitted) and some of the indica rice cultivars (Inouchi et al. 2005) , is ca. 30-34% as measured by way of gel-filtration of debranched starch. We generated the japonica background double-mutant line between ss3a (Fujita et al. 2007 ) and be2b (Nishi et al. 2001) . The apparent amylose content of ss3a/be2b is 46%, which is the highest measured content in rice starches (Asai et al. in preparation) . The short chains of amylopectin were significantly decreased, and starch showed B-type crystallinity due to the deficiency of BEIIb. Long chains with doi:10.5047/agbm.2014.00401.0001 © 2014 TERRAPUB, Tokyo. All rights reserved.
amylopectin DP ≥ 40 also were decreased compared with those of the be2b parent mutant. This decrease was due to the deficiency of SSIIIa. In be2b, the amylopectin structure is quite different from the wild type, and the starch content in the endosperm decreased to 60% of the wild type due to the significant decrease in the non-reduced end of amylopectin (Nishi et al. 2001) . However, ss3a/be2b maintained 80% of the seed weight of the wild type even though the amylose content and the structure were dramatically changed. The activities of GBSSI, which is the only isozyme account for amylose synthesis in the endosperm starch, and AGPase, which produce substrate of starch synthase (ADPglc) of ss3a/be2b developing endosperm were higher than those of the be2b (Asai et al. in preparation) . These results strongly suggested that the amylose synthesis is enhanced in ss3a/be2b endosperm than that in be2b and this lead to the larger seed weight of ss3a/be2b.
Knowledge from studies using transgenic rice lines
Analyses of mutant lines provided information on the function of each isozyme. Transgenic rice lines, in which a specific gene is introduced into the wild-type or mutant rice lines, also enable in vivo studies. It is possible to up-and down-regulate specific genes in transgenic rice, whereas down-regulations occur in the mutants in many cases. In theory, it is possible to introduce any gene from any organism into the host plants, and efficient promoters can be chosen for tissue-or developmental-specific expression. Transgenic plants provide unique experimental insights compared to mutant lines. Because the field-culture of transgenic plants is limited, we focused on development of the mutant lines. However, we also have generated transgenic rice lines for research as described below.
9-1. Anti-ISA1
We generated transgenic rice lines whose ISA1 activity was down-regulated by antisense methods (anti-ISA1) to confirm whether the endosperm of the transgenic lines show the isa1 phenotype , the starches of which have changed to the highly branched and soluble α-glucans (Nakamura et al. 1997; Kubo et al. 1999) . This was the first study to modify the structure of amylopectin by gene manipulation. The abundance of short chains with DP ≤ 11 in the endosperm of anti-ISA1 lines suggested that the function of ISA1 was trimming of improper branches in amylopectin molecules. The phenotype of anti-ISA1 was much more moderate than that of the isa1, because the residual ISA1 activity of anti-ISA1 was 1/16, whereas that of the isa1 mutant was less than 1/100. These results implied that there was a threshold of ISA activity to avoid the production of soluble α-glucans.
9-2. OsBEIIb/be2b
This work was to confirm whether the be2b phenotype, the starch of which is highly resistant to gelatinization, was rescued by the introduction of the BEIIb gene. The 18 kb genomic DNA fragment, including the OsBEIIb gene and the promoter, was introduced in the be2b mutant line (OsBEIIb/be2b: Tanaka et al. 2004) . A wide range of transgenic lines from low to high expression was generated (Fig. 12A) . Analyses of six transgenic lines showed that the amount of BEIIb expression, the percentage of short chains with DP 6-14 of amylopectin, and the gelatinization temperature were closely related (Fig. 12B) . The B-type starch crystallinity of the be2b host mutant returned to the A-type crystallinity in transgenic lines that recovered BEIIb activity (Fig. 12C) . The starch in the BEIIb overexpressing line lost crystallinity due to its excess branched soluble α-glucans. These results suggested that BEIIb formed branch points of short chains in amylopectin crystalline lamellae, and BEIIb expression levels accurately regulated the amount of short chains, the gelatinization temperature and the crystallinity ( Fig.  12D ; Tanaka et al. 2004 ).
9-3. SSIIa I /isa1
Our mutant lines were in the japonica rice background. Therefore, SSIIa was inactive. The transgenic lines from which active SSIIa was derived were from indica cultivars. Active SSIIa derived from indica cultivars was introduced into the japonica background isa1 mutant (SSIIa I /isa1) that accumulated phytoglycogen instead of starch . The host isa1 mutant endosperm contained only 3.1% of insoluble α-glucan, whereas the endosperm of highexpression SSIIa lines (#20) contained more than 60% of insoluble α-glucan. The chains of α-glucan in lines #20 were elongated DP 3-6 compared to the host phytoglycogen chains (Fig. 13) . Long chains with approximately DP 40 were absent in SSIIa I /isa1 lines and the host mutant. In SSIIa I /isa1 lines, the inner structure of α-glucans that had external chains removed by β-amylase was almost the same as that of phytoglycogen. These results suggested that active SSIIa only elongated external chains, if not all, and elongated α-glucan resulted in insolubility. The crystallinity of insoluble α-glucan in SSIIa I /isa1 line (#20) was weak B-type, although phytoglycogen showed no crystallinity ).
9-4. GBSSI I /ss3a
GBSSI expression in japonica cultivars was significantly lower than that in indica cultivars, and this resulted in the different amylose contents in japonica and indica cultivars. To examine the effects of SSIIIadeficiency and high expression of GBSSI on the amylose content and starch structure, the transgenic rice line (WAB; Hanashiro et al. 2008 ) that GBSSI derived from indica cultivars (GBSSI I ) was introduced into the waxy (gbss1) mutant, was crossed with the ss3a mutant line (Crofts et al. 2012) . The amylose content of WAB and ss3a were 25% and 30%, respectively, whereas that of screened GBSSI I /ss3a lines was significantly increased (41%). The amount of GBSSI protein in WAB was 10 times higher than that of the wild type (japonica cultivars). However, the amount of GBSSI protein in GBSSI I /ss3a showed no further increase, although AGPase, which produced a substrate of SS, increased compared to the WAB. The chainlength distribution of amylopectin in GBSSI I /ss3a was similar to that of ss3a. These results suggested that high expression of GBSSI I derived from indica cultivars and SSIIIa-deficiency synergistically increased the apparent amylose content in rice endosperm (Crofts et al. 2012) .
Future studies
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